Background: Prostate cancer (PC) has the highest prevalence in men and accounts for a high rate of neoplasia-related death. Doxorubicin (DOX) is one of the most widely used antineoplastic drugs for prostate cancer among others. However, it has low specificity and many side effects and affects normal cells. More recently, there have been newly developed drug delivery tools which are graphene or graphene-based, used to increase the specificity of the delivered drug molecules. The graphene derivatives possess both π-π stacking and increased hydrophobicity, factors that increase the likelihood of drug delivery. Despite this, the hydrophilicity of graphene remains problematic, as it induced problems with stability. For this reason, the use of a chitosan coating remains one way to modify the surface features of graphene. Method: In this investigation, a hybrid nanoparticle that consisted of a DOX-loaded reduced graphene oxide that is stabilized with chitosan (rGOD-HNP) was developed. Result: The newly developed rGOD-HNP demonstrated high biocompatibility and efficiency in entrapping DOX (~65%) and releasing it in a controlled manner (~50% release in 48 h). Furthermore, it was also demonstrated that rGOD-HNP can intracellularly deliver DOX and more specifically in PC-3 prostate cancer cells. Conclusion: This delivery tool offers a feasible and viable method to deliver DOX photothermally in the treatment of prostate cancer.
Introduction
In the U.S., Canada, and Western Europe, prostate cancer (PC) accounts for the highest incidence of cancer among men and is the 3rd highest cause of neoplasiarelated death. 1 In fact, current treatment options include drug suppression of androgens using hormonal-or herbal-based drugs, alongside intravenous or oral drug delivery. 2 However, these treatment methods are severely restricted in efficacy and specificity due to adverse side effects, short duration of effects. Current research methods in prostate cancer are aimed at improving the targeted delivery of therapeutic drugs, with the goal of reducing the side effects and improving drug specificity.
of hydrophobicity. Despite these advantages, the hydrophilic dispersion of graphene poses a stability problem which must be addressed if graphene is to be used as a drug delivery tool. 8 In the current scenario, nanoparticles have made revolutionary changes in the field of drug delivery owing to their excellent properties [9] [10] [11] . Their nano-size architect, tailorable surface and capability to enhance the pharmacological effects of the loaded bio actives few of them. 12, 13 From last two decades, nanoparticles science has been developed to overcome the limitations of traditional delivery systems or materials as well as the ever increasing demand for the new materials in nanotechnology, biotechnology, biomedicine, and others. 14, 15 Owning to their high stability, biodegradability, low toxicity, and biocompatibility, biopolymer-based nanomaterials hold great promise for various biomedical applications. 16, 17 To increase the stability of graphene, chitosan was employed as a novel cationic polysaccharide that possesses excellent stabilizing properties. The use of chitosan coating provides an effective way to alter the surface modalities of graphene and improve their applications in drug targeting. Furthermore, the biological properties of chitosan, such as easy degradability, compatibility, and non-toxicity have contributed to its prevalent use in the last few years. 18, 19 Chitosan's structure contains several amino acids, giving it a positive charge on its surface, and the ability to crosslink with molecules like tripolyphosphate (TPP). Due to this feature, chitosan cam also selfassemble with TPP using ionic gelation due to its negative charge.
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Doxorubicin (DOX) is a widely used anti-neoplastic for the treatment of a range of cancers including prostate cancer. Its mechanism of action is by decreasing the efficacy of topoisomerase in cells, which damages the structure of DNA. 21 However, this mechanism acts in both cancer and non-cancer cells, contributing to its low specificity. Many researchers have worked on optimizing a DOX-loaded delivery system, which has been shown to improve preclinical efficacy and decrease the side-effects. As such, DOX was selected in this research, considering it is a widely used anti-neoplastic used in the treatment of cancer.
A suitable nanocarrier system is required to effectively deliver and localize drug therapy at the site of desire. In this study, chitosan-based hybrid nanoparticle (HNP) of DOX-loaded reduced form of graphene oxide (rGO) was developed and optimized as a novel nanocarrier system. Also, rGO was used in our studies as it has not only a high degree of drug loading but also had a high photothermal efficacy. Furthermore, HNP was stabilized with chitosan due to its low molecular weight and increased targeting ability.
Materials
Graphite flakes were purchased from Sigma Aldrich, MO, USA (lot #MKVZ2867 Preparation of GO and rGo core
To prepare GO, graphite flakes were used as the base, made some modifications to the Hummer's. 22 Briefly, 1 g of graphite flakes dissolved in 46 mL of concentrated sulfuric acid for 15 min and 1 g of NaNO 3 was added into it. The ice bath was used to control the reaction. This reaction was stirred for 30 min and 6 g KMnO 4 was then gradually added to terminate the reaction. Afterward, the reaction mixture containing KMnO4 was placed in a water bath at 35°C and stirred for 1 h at 400 g. Subsequently, 92 mL of deionized water was gradually added to the mixture while the temperature was kept below 100°C using an ice bath. The flask was then placed into an oil bath at 100°C, and the reaction was maintained at this temperature for 15 min. The mixture was further treated with 150 mL deionized water and 5 mL H 2 O 2 solution (30%) to obtain a bright yellow dispersion. The color change from black to bright yellow is indicative of the formation of GO. Afterward, GO was washed repeatedly with deionized water until the supernatant gives the neutral pH (indicative of the removal of acid traces) and treated by ultrasonic for 30 min to obtain rGO solution. Finally, the rGO solution was freeze-dried for use in further experiments.
Preparation of DOX-loaded rGO hybrid nanoparticle (rGOD-hNP)
DOX was loaded into rGO using simple incubation for 24 h to elicit loading. 23 Then the rGOD-NPs were coated using 0.1 % w/v chitosan using the solvent gelation technique and stabilized the formed hybrid NPs using TPP (0.125% w/v) to produce TPP stabilized rGOD-HNPs. Finally, these hybrid NPs stabilized using TPP were collected by centrifugation (18,000 g; 35 min) and lyophilized using 2 % w/v lactose monohydrate as a cryo-protectant. The lyophilized powder was used for further experiments.
Determination of particle size, and zeta potential measurements
The particle size and zeta potential of prepared Go, rGO, rGOD and rGOD-HNP were measured using dynamic light scattering. Electrophoretic mobility was measured using a zetasizer nano as described previously by our group. 24 For the evaluation of size and polydispersity, prepared formulations were suitably diluted in water. All measurements were recorded in triplicate.
Percent entrapment efficiency (% EE) measurement
The percent EE was measured by employing the ultracentrifugation technique. 25 The formulation rGOD-HNP (equivalent to 1 mg/mL of DOX) was centrifuged at 12,000 g and the supernatant was collected. The collected supernatant was subjected to UV spectrophotometric analysis (Shimadzu, Columbia, MD, USA) to determine the concentration of unloaded DOX at (λ max 308 nm. The % EE was determined by using Equation 1).
Where, X 1 = Total amount of DOX (mg), and X 2 = Free DOX in mg determined after ultracentrifugation.
In vitro drug release study
The in vitro release of DOX from the developed formulations was carried out in the physiological pH range using phosphate buffered saline (PBS, pH 7.4) by employing a dialysis tube diffusion technique. 26 Briefly, the plain DOX or rGOD-HNP dispersed in PBS pH 7.4 media and placed inside a dialysis membrane bag with a molecular weight cutoff of 300 kDa (Sigma, St. Louis, MO, USA) at an equimolar DOX concentration. The dialysis bags were placed in 50 mL of pH 7.4 PBS release medium and maintained at 37±1°C with continuous stirring at 400 rpm. Followed by this, at predetermined intervals of time of 0.5, 1, 2, 4, 6, 8, 12, 24, and 48 hrs, 0.5 mL of release medium was aliquoted and estimated for DOX concentration employing UV visible spectrophotometer (λ max : 480 nm). Immediately after sampling, the release media was replenished with the same volume of fresh medium to maintain an experimental sink condition during the investigation of drug release. The DOX in vitro release contour was determined by plotting a grid between time (hr) vs. cumulative percent release (%) for plain DOX and rGOD-HNP. The obtained data was also applied to mathematical models to investigate the release mechanism of DOX from the formulations by fitting it into the zero order, first order, Higuchi square root, Korsmeyer-Peppas and, Higuchi kinetics models. The experimentations were done in replicates of three and the results are presented as an average of obtained results (Mean ± S.D; n=3).
NIR laser-mediated photothermal effect
Apart from nanocarrier properties, the most important use of rGOD-NP is to produce heat upon irradiation with NIR light. 27 To demonstrate the photothermal efficiency of developed formulation NIR laser diode was used. Briefly, 1 mg/mL aqueous dispersion of rGOD-NP was placed in a quartz cuvette that is transparent to NIR. This dispersion was then irradiated with NIR 808 nm for the different time periods between 0-200 sec, and measurements were noted with respect to an increment of temperature. The experiment was carried out in triplicate.
Blood compatibility test
To evaluate the blood compatibility with the developed formulation, blood from the entire mouse was collected in heparinized tubes and centrifuged at 3500 g for 10 min to separate the RBCs from the blood. The collected RBCs were washed (normal saline 0.9 %w/v) and resuspended in normal saline to make 5%v/v suspension. To prepare a positive control, we mixed 0.5 mL Triton X-100 (10%v/v) with 4.5 mL of RBCs. 28 Similarly, to prepare negative control, we mixed RBCs with normal saline instead of Triton-X-100. The formulations equivalent to 1 mg/mL DOX were added to the 5% RBC suspension and kept aside for 2 hr with gentle shaking followed by centrifugation at 3500 g for 20 min. The % hemolysis was measured by collecting supernatants which were analyzed using a UV spectrophotometer (Shimadzu, Kyoto, Japan) at 540 nm. The degree of hemolysis was calculated using Equation 2. 
Cytotoxicity assay
The cell viability experiment was conducted on PC-3 cells to check the cellular toxicity of the developed formulation. Briefly, the PC-3 cells were grown in DMEM medium supplemented with 10%v/v FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. 29 The PC-3 cells in growth phase were seeded into a 96-well plate at a density of 1×104 cells/well. The medium was then replaced with fresh medium containing plain DOX, plain rGO, laser irradiation rGO, rGOD-NP, laser irradiation rGOD-HNP (DOX at a concentration equivalent to 1 mg/mL). Finally, the medium was spiked and 100 μl DMSO and cell viability were recorded by analyzing absorbance at 575 nm on a UV-plate reader (MultiscanGo, Thermo scientific, USA).
Relative cell viability was calculated by the formula mentioned represented in Equation 3.
Where A sample, Blank, A negative control represent the absorbance of samples, blank, and negative control, respectively.
Statistical analysis
All experiments were performed in triplicate and the data were expressed as the mean ± S.D. Statistical analysis was calculated via one-way analysis of variance (ANOVA) with a Tukey-Kramer multiple comparisons. Post-test and two-way ANOVA with Bonferroni post-test to match were done using GraphPad Prism 6.01™ software (GraphPad Software Inc., San Diego, California). A probability level of p<0.05, p<0.01 and p<0.001 were used to indicate significant, more significant and highly significant, while non-significant is p>0.05.
Results and discussion

Synthesis and characterization of GO and rGOD-hNP
First, GO was prepared from flakes of graphite. The raw material was obtained using a modification of Hummer's method in which we prolonged the probe sonication by 3 h to produce a reduced form of GO (rGO). A schematic of the synthesis of the formulation is shown in Figure 1 .
To confirm the formation of rGO from GO, we used UV-vis absorption and FT-IR spectroscopy. The spectra using UV-vis absorption on the GO sample demonstrated an absorption peak of~230 nm, and was assigned to the π-π transition of C-C, while a shoulder peak of~310 nm was recorded and assigned to the n-π* transition of C=O bonds (Figure 2 ). On the other hand, the rGO sample exhibited a broad peak at 270 nm, which indicated a~40 nm red-shift as compared to the absorption peak of GO. We assigned these changes to be the deoxygenation of the GO sheets.
On further examination of the FTIR spectra of GO, we observed a sharp peak at 1780 cm , which we assigned to the C=O bond in carboxylic groups ( Figure 3A) . We also observed a peak at 1629 cm , which we believed was related to the C-C band. We found a band that vibrated 1060 cm −1 , which represented the epoxy, and at 3430 cm −1 , for the O-H band. After the reduction of graphene oxide was complete, the vibrational absorption band of carboxylic groups disappeared, while the C-O-C band appeared to be weakened ( Figure 3B ).
The reduced rGO has a size of 340.55±21.78 nm and a Zeta potential of −35.1±3.4 mV. We also loaded the DOX, and first stirred the aqueous dispersion for 24 h. The final DOX concentration was measured to be 1 mg/mL. The efficiency of entrapment returned as be 43.15±1.79%. Furthermore, we measured the efficiency of loading at pH 9.0 to be 58.72±2.91%. After DOX loading, there was a 20% increase in size to a final measurement of 410.51±19.83 nm ( Figure 4A) . We also noted a decrease (~5.3 mV) in zeta potential after DOX loading ( Figure 4B ). Finally, we hybridized the rGOD with 0.1% w/v chitosan by stirring 200 g for 24 h and stabilizing with TPP (0.125% w/v) to give a TPP tuned rGOD-HNP. The final particle size was measured to be 520.51±11.62 nm. A 2-dimensional (2D) and 3-dimensional (3D) atomic force microscopic (AFM) images of the rGOD-HNP are shown in Figure 4 (C). It is evinced from the AFM report that the graphene oxide mixes well in the chitosan matrix during the layering process. The rGOD-HNP bears a rough and granular surface due to the presence of sheets of rGOD in its architect ( Figure 4C ). In agreement with our outcome, Hashemi et al have also reported high loading potential of DOX under basic pH. The authors also reported the efficient release of DOX from the GO-DOX complex and also cellular toxicity assay revealed that the best pH for loading of DOX on GO was 7.8.
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In vitro drug release study
To determine the bioavailability of DOX, we examined the in vitro release profile. We found a significant difference in the in vitro release profile of DOX as compared to rGOD-HNP at a pH of 7.4. In a time span of 4 h, DOX released less than 90% as compared to rGOD-HNP, which showed a sustained and slow release ( Figure 5 ). We believe that this slow release of DOX is also due to core loading. As such, both attributes of rGOD-HNP may be due to the interaction between the aromatic rings of rGO and DOX. Previous research has also noted the same loading effect and pattern of drug release. 31 Hashemi et al also developed a novel hydrogel nanocomposite films with anticancer properties via incorporation of graphene quantum dot (GQD) as a nanoparticle into carboxymethyl cellulose (CMC). In this work, the authors employed DOX as a model drug with broad-spectrum anticancer properties. Analogous to our observations on the pH sensitive release profile of DOX from graphene constructs, Namazi et al also observed the pH dependent release of DOX to be predominant under acidic pH. 32 The typical order of drug release involved penetration, hydration, dissolution and finally diffusion. This usually occurs with a drug that needs to be released from a matrix, in our case chitosan played a role of matrix and helps in sustain the DOX release from rGOD-HNP. As such, due to this process, the erosion and swelling of a polymer are additional factors that affect drug release and its kinetics. We examined the DOX release behavior from our developed nano-formulation, specifically fitting for similar release models that include zero and first order, Korsmeyer-Peppas, Hixson-Crowell and Higuchi models. We demonstrated the kinetic models of the release behavior. We provided the regression coefficient (R2) and the relevant release kinetics in Table 1 . Our data demonstrated the best fit with the Higuchi model with a linear regression coefficient value of 0.9724 ( Figure 6E ) as compared to 0.6632 ( Figure 6A ), 0.2931 ( Figure 6B ), 0.3383 ( Figure 6C ) and 0.5626 ( Figure 6D ) in cases of Zero-order kinetic model, First-order kinetic model, Hixson Model, and Korsmeyer-Peppas model, respectively.
We also found a time-dependent and sustained release of DOX from rGOD-HNP through the chitosan matrix, another role of chitosan apart from stabilizing nanosheets. 33 We attribute this to the order of penetration, dissolution, and release from the chitosan polymeric matrix that occurs in a controlled manner.
NIR laser-mediated photothermal effect
We examined the photothermal properties of synthesized rGOD-HNP using a NIR laser for irradiation for 200 seconds Figure 3 FT-IR spectra of (A) GO and (B) rGO. To further confirm the conversion of GO to rGO we perform FT-IR analysis.
( Figure 7 ). We found a temperature increase in rGOD-HNP from a range of 25°C to over 55°C, most likely impacted by the absorption features of rGO. Over time, the temperature increased, and at 200 ms the highest temperature was noted to be 56°C. This temperature is notable as the destruction of neoplastic cells can effective occur at the temperature, demonstrating their efficacy.
Hemolytic rate (blood compatibility test)
An early preclinical milestone for the development of a formulation that is to be administered intravenously is its biocompatibility with blood and its various components. We examined the effect of DOX, GO, rGO and rGOD-HNP on the hemolytic profile of red blood cells (RBC). From an analysis of RBC hemolysis, DOX (1ug/mL) demonstrated hemolysis at 16.4±0.12%. (Figure 8 ) However, GO, rGO and rGOD-HNP demonstrated hemolysis levels at 4.12±0.06%, 0.6±0.15%, and 1.21±0.16%, and had p-values >0.05, demonstrating insignificance. Overall, our data demonstrate justification for the safety of the formulation and its compatibility for IV administration. Note: Here, "t" is the time in which as definite fractional of drug "Q" is released from the formulation; "k" is the rate constant and "b" denotes a constant. 
Cytotoxicity assay
We performed an in vitro MTT cytotoxicity assay to examine the viability of a line of prostate cancer cells, PC-3, treated with DOX, rGO, laser irradiated rGO, rGOD-HNP and laser irradiated rGOD-HNP. Our results demonstrate that rGO has the highest degree of cytotoxicity in the activated and normal cells. We found an IC 50 of 1 ug/mL (Figure 9 ; p<0.0001). In fact, laser irradiated rGOD-HNP (71.23±1.21%; p<0.0001) was more toxic, 2.53 times higher as compared to rGOD-HNP without laser irradiation (89.12±2.43%; p<0.0001).
Our results could be explained by the photothermal influence of rGO. Furthermore, the acidic pH-triggered the release of DOX in PC-3 cells and could be the reason for why the laser irradiated formulations demonstrated enhanced toxicity.
Conclusion
In summary, we have demonstrated the formulation of a nanoscale therapeutic platform that uses chitosan as a matrix for stabilization. This therapeutic platform is a higher efficacious PTT that uses DOX as a model anti-neoplastic. We constructed HNP by loading DOX into rGO with high efficiency (>60%) and coating it with chitosan that was stabilized using TPP. We found that the HNP efficiently trapped and loaded the drug. Furthermore, our cell viability studies showed the ability of HNP to specifically target DOX to a site and were efficacious in the PC-3 cancer cell (cytotoxicity with hybrid HNP was >65%). The HNP efficiently converts energy to heat using irradiation with NIR 808 nm, most likely due to rGO. Furthermore, it was also demonstrated that rGOD-HNP can intracellularly deliver DOX and more specifically in PC-3 prostate cancer cells. Our examination of the in vitro drug release (60% in 48 h) demonstrates that the formulation can hold the drug for long durations and the formulation can be used for sustained delivery. This developed graphene-based drug delivery tool offers a feasible and viable approach to deliver DOX photo-thermally to offer a clinically translatable mode for the treatment of prostate cancer. International Journal of Nanomedicine
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